The control of Listeria monocytogenes infection depends on the rapid activation of the innate immune system, likely through Toll-like receptors (TLR), since mice deficient for the common adapter protein of TLR signaling, myeloid differentiation factor 88 (MyD88), succumb to Listeria infection. In order to test whether TLR2 is involved in the control of infections, we compared the host response in TLR2-deficient mice with that in wild-type mice. Here we show that TLR2-deficient mice are more susceptible to systemic infection by Listeria than are wild-type mice, with a reduced survival rate, increased bacterial burden in the liver, and abundant and larger hepatic microabscesses containing increased numbers of neutrophils. The production of tumor necrosis factor, interleukin-12, and nitric oxide and the expression of the costimulatory molecules CD40 and CD86, which are necessary for the control of infection, were reduced in TLR2-deficient macrophages and dendritic cells stimulated by Listeria and were almost abolished in the absence of MyD88, coincident with the high susceptibility of MyD88-deficient mice to in vivo infection. Therefore, the present data demonstrate a role for TLR2 in the control of Listeria infection, but other MyD88-dependent signals may contribute to host resistance.
Toll-like receptors (TLRs) participate in innate immunity by detecting different invading pathogens (2, 3) and stimulating cell activation through adapter molecules, such as myeloid differentiation factor 88 (MyD88), Toll-interleukin-1 receptor domain-containing adapter protein (TIRAP), and Toll-interleukin-1 receptor domain-containing adapter inducing beta interferon (TRIF), and transcription factors, such as nuclear factor B (NF-B), which allows the transcription of a set of proinflammatory cytokine genes (27) . TLRs are expressed on a wide variety of cells, such as monocytes/macrophages, dendritic cells (DC), B cells, T cells, mast cells, and epithelial cells, but the pattern of expression of individual TLRs differs for specific cell types. TLRs recognize conserved molecular structures on pathogens (3), discriminating gram-positive and gramnegative bacteria from fungi and other pathogens (30) . Bacterial lipoteichoic acid (LTA), peptidoglycans, and lipoarabinomannan (2) and zymosan from yeast (3) induce cell activation in a TLR2-dependent fashion. This broad and unusual spectrum of pathogen recognition may be explained by the fact that TLR2 forms heterodimers in association with TLR6 or TLR1 (22) .
Listeria monocytogenes is a gram-positive facultative intracellular bacterium, and its virulence is due to its capacity to penetrate into mammalian cells, to use their cellular machinery, and to evolve highly sophisticated strategies to evade the host immune response. After internalization of the bacteria, by phagocytosis or by penetration in the case of nonphagocytic cells, macrophages, natural killer cells, and neutrophils are recruited to inhibit the growth of the pathogen. Infected macrophages secrete inflammatory cytokines, such as tumor necrosis factor (TNF), interleukin-12 (IL-12), and several chemokines, allowing the recruitment and activation of immune cells. IL-12 participates in the development of T lymphocytes expressing Th1-type cytokines such as interferon gamma (IFN-␥), TNF, and IL-2. The synergy between TNF and IL-12 augments the expression of major histocompatibility complex class II and costimulatory molecules, allowing optimal bacterial antigen presentation to T cells (10) and the activation of T and natural killer cells. This results in the secretion of IFN-␥, which in combination with TNF leads to full macrophage activation and bacterial killing through the production of nitric oxide (NO) (4, 10) . Furthermore, activated macrophages secrete IL-6, IL-1, and chemokines, which also control lymphocyte and neutrophil recruitment and activation (7) . Microabscesses comprised of different cell types, such as activated macrophages, neutrophils, and others, are formed in the parenchyma of infected organs.
Recent reports showed that TLR2 may play a protective role during infections by gram-positive bacteria. Indeed, TLR2-deficient mice are more susceptible to Staphylococcus aureus (28) and Streptococcus pneumoniae subsp. meningitis infections (9) . In vitro studies with human monocytes revealed that TLR2 is required for macrophage activation in response to Listeria (12) . Furthermore, Seki et al. showed that TLR2-deficient mice present a deficit in circulating TNF and IL-12 p40 production in response to Listeria infection in vivo (26) . However, the innate immune response to and control of infection by a 5 ϫ 10
5 Listeria intraperitoneal inoculum were reportedly normal in TLR2-deficient mice, whereas the presence of MyD88 was critical for the control of infection (11) .
In order to clarify the role of TLR2 in the control of Listeria infection, we used TLR2-deficient mice and examined their responses to Listeria infection in vitro and in vivo. Our study provides the first evidence that TLR2 plays a role in the control of Listeria infection.
MATERIALS AND METHODS
Mice and reagents. Six-to 12-week-old TLR2-deficient (Ϫ/Ϫ) and TLR2 control (ϩ/ϩ) mice (obtained from Carsten Kirschning, Munich, Germany [33] ) and MyD88
Ϫ/Ϫ mice (1) were used in this study. All mice were backcrossed for seven generations onto a C57BL/6 background. The results of the infection were verified at backcross 10. TLR2
Ϫ/Ϫ and TLR2 ϩ/ϩ littermates obtained by intercrossing of heterozygous (ϩ/Ϫ) parents were used for direct comparisons. All mice were bred under specific-pathogen-free conditions at the Transgenose Institute (CNRS, Orleans, France).
Culturing of bacteria. L. monocytogenes (L028 strain from P. Cossart, Pasteur Institute, Paris, France) was cultured in Trypticase soy broth (soybean casein digest medium; Biovalley), divided into aliquots, and stored in 30% glycerol at Ϫ80°C at a concentration of 5 ϫ 10 9 CFU/ml. Heat-killed L. monocytogenes (HKLM) was prepared by incubation at 60°C for 1 h followed by two washes with sterile phosphate-buffered saline (PBS).
Primary macrophage and DC cultures. Murine bone marrow cells were isolated from femurs and were differentiated into macrophages after culturing at 10 6 cells/ml for 7 days in Dulbecco's modified Eagle's medium (Sigma) supplemented with 20% horse serum and 30% L929 cell-conditioned medium (as a source of macrophage colony-stimulating factor [20] ). Three days after being washed and recultured in fresh medium, the cell preparation contained a homogenous population of macrophages (Ͼ97% CD11b ϩ cells). Alternatively, murine bone marrow cells were differentiated into myeloid DCs (Ͼ98% CD11c ϩ cells) after culturing at 2 ϫ 10 6 cells/ml for 10 days in RPMI medium supplemented with 10% fetal calf serum, glutamine, antibiotics, and 4% J558L cellconditioned medium as a source of granulocyte-macrophage colony-stimulating factor, as described previously (19) .
Bone-marrow-derived macrophages (BMDM) and DCs (BMDC) were plated in 96-well microculture plates (at 10 5 cells/well) and stimulated with lipopolysaccharide (LPS) (from Escherichia coli serotype O111:B4, at 100 ng/ml; Sigma), bacterial lipoprotein (BLP) [Pam3Cys-Ser-(Lys)4, at 0.5 g/ml; EMC Microcollections], HKLM (at a bacteria-to-cell ratio of 200), and Listeria (at a bacteriato-cell ratio of 2). After 24 h of stimulation, the supernatants were harvested for cytokine determination.
Cytokine determination. TNF, IL-12 p40, and IFN-␥ levels were quantified by using a commercial enzyme-linked immunosorbent assay (ELISA) (Duoset; R&D Systems, Abingdon, United Kingdom) according to the recommendations of the manufacturer.
Flow cytometry. After stimulation, macrophages and DCs were harvested, washed once in PBS, and incubated on ice at 10 5 cells/50 l with 2% serum for 20 min. After centrifugation (10 min at 200 ϫ g and 4°C), macrophages were incubated in PBS-0.5% bovine serum albumin with primary antibodies (anti-CD40-PE clone 2G9, anti-CD86-PE clone GL1, anti-CD11b-PerCP Cy5.5 clone M1/70, and anti-CD11c-APC clone HL3) for 20 min in the dark. All antibodies were from BD Pharmingen (San Diego, Calif.). After being washed with PBS-0.5% bovine serum albumin, cells were analyzed on a Becton Dickinson LSR analyzer.
Infection of mice. Littermate TLR2 Ϫ/Ϫ and TLR2 ϩ/ϩ mice were injected intravenously in the caudal vein at 1 ϫ ϩ/ϩ , TLR2 Ϫ/Ϫ , and MyD88 Ϫ/Ϫ mice were stimulated for 24 h with Listeria (2ϫ) (A), HKLM (200ϫ) (B), BLP (0.5 g/ml) (C), and LPS (100 ng/ml) (D). BMDM were labeled with an anti-CD11b antibody (Ͼ97% CD11b ϩ ) and analyzed by fluorescence-activated cell sorting for CD40 expression. Unstimulated controls showed essentially no CD40 expression, similar to the isotype controls (dotted lines). Results are from one representative experiment (a pool of two mice) of three independent experiments. The levels of CD40 (E) and CD86 (F) expression by CD11b ϩ BMDM and CD11c ϩ BMDC from TLR2 ϩ/ϩ , TLR2 Ϫ/Ϫ , and MyD88 Ϫ/Ϫ mice stimulated for 24 h by Listeria (2ϫ) were also compared. The results, expressed as geometric mean fluorescence intensities relative to those of wild-type controls, were calculated from three independent experiments and are expressed as means Ϯ SD. ‫,ء‬ P Ͻ 0.05. Nitrite measurements. Nitrite concentrations in supernatants from macrophages were determined by use of Griess reagent (1% sulfanilamide in 2.5% phosphoric acid-0.1% n-1-napthylethylenediamide dichlorique [14] ). After a 30-min incubation at room temperature with agitation, the absorbance at 540 nm was measured. NO 2 Ϫ was quantified by using NaNO 2 as a standard. Statistical analysis. The statistical evaluation of differences between the experimental groups was done with the log rank test for survival curves and with Student's t test.
RESULTS
Impaired TNF and IL-12 p40 production and CD40 and CD86 expression in TLR2-and MyD88-deficient macrophages and DCs stimulated by Listeria. For characterization of the role of TLR2 in the production of proinflammatory cytokines in response to Listeria, primary BMDM and BMDC from TLR2 ϩ/ϩ , TLR2 Ϫ/Ϫ , and MyD88 Ϫ/Ϫ mice were stimulated with Listeria and HKLM. A 30 to 40% decrease in TNF production was found after Listeria or HKLM activation of TLR2 Ϫ/Ϫ macrophages (Fig. 1A) and DCs (Fig. 1B ) compared to that for wild-type cells. A similar reduction in TNF production was also observed for BLP, a TLR2 agonist. As expected, no difference was visible after stimulation of TLR2 Ϫ/Ϫ macrophages with LPS, a typical TLR4 agonist. For comparison, TNF secretion was completely abolished in MyD88 Ϫ/Ϫ macrophages stimulated with Listeria or HKLM, indicating that this adapter protein of the TLR signaling pathway is critical (Fig.   FIG. 3 . Impaired NO production in TLR2-and MyD88-deficient macrophages and DCs infected with Listeria (LM) or stimulated with HKLM in vitro. BMDM (A) and BMDC (B) from TLR2 ϩ/ϩ (black bars), TLR2 Ϫ/Ϫ (white bars), and MyD88 Ϫ/Ϫ (hatched bars) mice were stimulated for 24 h with Listeria (2ϫ), HKLM (200ϫ), BLP (0.5 g/ml), and LPS (100 ng/ml). Supernatants were recovered, and nitrite was measured by use of the Griess reagent. Results are from one representative experiment (n ϭ 2) of two independent experiments. Results are expressed as means Ϯ SD. ‫,ء‬ P Ͻ 0.05; ‫,ءء‬ P Ͻ 0.01.
FIG. 4. Increased susceptibility of TLR2
Ϫ/Ϫ mice to L. monocytogenes. 1A and B). Similar results were obtained for the secretion of IL-12 p40 by macrophages and DCs in response to Listeria, HKLM, LPS, or BLP stimulation ( Fig. 1C and D) . Activated macrophages and DCs express costimulatory molecules such as CD40 and CD86 that are necessary for the development of adaptive immunity. We wondered whether TLR2 is required for the optimal expression of these costimulatory molecules upon activation by Listeria. Listeria induced the upregulation of CD40 expression by CD11b ϩ cells (Fig. 2 ). This expression was reduced in Listeria-infected TLR2 Ϫ/Ϫ macrophages compared to wild-type macrophages, while CD40 expression was almost completely abolished in MyD88 Ϫ/Ϫ macrophages ( Fig. 2A) . The profile observed after stimulation with HKLM was similar in the case of MyD88 Ϫ/Ϫ mice, but no reduction in CD40 expression was observed for TLR2 Ϫ/Ϫ macrophages (Fig. 2B) . Finally, CD40 expression induced by the TLR2 agonist BLP was largely TLR2 and MyD88 dependent (Fig. 2C) , while that induced by the TLR4 agonist LPS was TLR2 and MyD88 independent (Fig. 2D) . These data demonstrate that Listeria activates TLR2, as does the TLR2 agonist BLP, but they also suggest the existence of additional TLRdependent signaling pathways. The levels of CD40 (Fig. 2E) and CD86 (Fig. 2F ) expression upon Listeria stimulation were compared for TLR2 ϩ/ϩ , TLR2 Ϫ/Ϫ , and MyD88 Ϫ/Ϫ macrophages and DCs. An analysis of the geometric mean fluorescence intensity relative to that for wild-type controls showed a parallel decrease in CD40 and CD86 costimulatory molecule expression levels in both TLR2 Ϫ/Ϫ macrophages and DCs (ϳ40%). A similar but more pronounced reduction was observed for MyD88 Ϫ/Ϫ cells for CD40 (ϳ70%) and CD86 (ϳ60%) expression (Fig. 2E and F) .
Therefore, live Listeria activates macrophages and DCs through TLR2 engagement and MyD88 signaling, resulting in the expression of costimulatory molecules and the synthesis of TNF and IL-12 p40.
Impaired NO production in TLR2-and MyD88-deficient macrophages and DCs stimulated by Listeria. NO is a critical mediator in the killing of various intracellular parasitic microbes and plays a distinct role in host protection (5). We determined whether NO synthesis depends on TLR2 signaling.
Listeria-stimulated TLR2
Ϫ/Ϫ macrophages secreted four times less NO than their wild-type counterparts (Fig. 3A) , whereas 50 and 80% reductions were observed for macrophages stimulated with HKLM and BLP, respectively. As expected, no difference in NO production was found for TLR2 Ϫ/Ϫ macrophages stimulated by LPS (Fig. 3A) . NO synthesis was completely dependent on the MyD88 signaling pathway, as it was undetectable in supernatants from MyD88 Ϫ/Ϫ macrophages stimulated with Listeria, HKLM, or BLP (Fig. 3A) . Upon LPS stimulation, MyD88 Ϫ/Ϫ macrophages produced residual NO, likely mediated by a MyD88-independent signaling pathway (Fig. 3A) . Upon stimulation, DCs behaved similarly to macrophages, although they produced slightly lower NO levels (Fig.  3B) .
Thus, macrophage and DC production of the antibacterial mediator NO, necessary for the killing of Listeria, is partially TLR2 dependent, and this response is mediated via MyD88.
Increased susceptibility of TLR2-deficient mice to Listeria infection. Since Listeria activates macrophages and DCs in a TLR2-dependent manner, we next asked whether TLR2 signaling contributes to resistance to in vivo infections. We compared the resistance of TLR2 ϩ/ϩ and TLR2 Ϫ/Ϫ mice after a systemic infection with Listeria. Listeria injected intravenously (i.v.) at a dose of 3 ϫ 10 5 CFU/mouse was lethal within 4 days for TLR2-deficient mice, while control mice survived for 4 to 7 days (Fig. 4A) . At a lower infectious dose of 10 5 CFU/mouse, only 3 of 14 TLR2-deficient mice survived the infection, whereas 9 of 14 control mice had long-term survival (Fig. 4B) . Therefore, these data clearly show that TLR2 has a protective effect for the control of Listeria infection in vivo.
Increased hepatic bacterial load in TLR2-deficient mice. In view of the increased sensitivity of TLR2 Ϫ/Ϫ mice to Listeria infection, we asked whether the bacterial clearance could be reduced. The bacterial loads in the spleens and livers of Ϫ/Ϫ mice displayed 1 log higher CFU counts in the liver than did control mice, while MyD88 Ϫ/Ϫ mice had slightly higher CFU counts than did TLR2 Ϫ/Ϫ mice (Fig. 5A) . No difference in CFU was apparent in the spleen for TLR2 Ϫ/Ϫ and TLR2 ϩ/ϩ mice, whereas a slight, but not significant, difference was observed between TLR2
Ϫ/Ϫ and MyD88 Ϫ/Ϫ mice (Fig. 5B) . Later time points (day 5 after the i.v. injection of a lower dose of 2 ϫ 10 4 CFU/mouse) revealed the same trend, with increased CFU counts in the livers of TLR2 Ϫ/Ϫ mice (data not shown). Microscopic examination at a low magnification revealed distinct hepatic microabscesses in TLR2-and MyD88-deficient mice (Fig. 6A to C) at 2 days postinfection. The microabscesses from MyD88-deficient mice were generally larger and in part confluent. Their numbers in TLR2-and MyD88-deficient mice were significantly increased and different from that in control mice (Fig. 6D) . Furthermore, the microabscesses were larger and had less defined boundaries in TLR2 Ϫ/Ϫ and MyD88 Ϫ/Ϫ mice ( Fig. 6E to G) than in control mice (Fig. 6D) . No significant difference was apparent between TLR2
Ϫ/Ϫ and MyD88 Ϫ/Ϫ mice in the number of microabscesses in the liver (Fig. 6D ) and in the morphology of microabscesses (Fig. 6F  and G) . Therefore, the absence of TLR2 signaling is associated with an enhanced formation of more loosely organized microabscesses in the livers of infected mice.
Recruitment of immune cells to microabscesses. In view of the enhanced inflammatory response, we asked whether the composition of the microabscesses was different in the absence of TLR2. Therefore, we characterized immune inflammatory cells in the hepatic microabscesses from Listeria-infected TLR2 ϩ/ϩ and TLR2 Ϫ/Ϫ mice. The number of neutrophils detected with an anti-GR1 monoclonal antibody seemed to be increased for TLR2-deficient mice, concomitant with the increase in size and number of microabscesses ( Fig. 7A and B) . In contrast, the expression of F4/80-and CD11b-positive macrophages was not different for the two experimental groups (Fig. 7C to F) . Interestingly, CD11c-positive DCs were absent from the hepatic microabscesses 2 days after infection. Very few T and B cells were detected at the periphery of microabscesses (data not shown). The expression of iNOS, as judged by immunohistochemistry, was not reduced in TLR2-deficient mice after 2 days of infection ( Fig. 7G and H) . These results indicate that the recruitment of mononuclear cells is not impaired in the absence of TLR2 and that neutrophils are slightly more abundant in microabscesses.
Reduced IFN-␥ production in TLR2-deficient mice during early infection of Listeria. Since IFN-␥ plays a critical role in the control of Listeria infections and since IFN-␥ is detectable in the sera of mice upon infection, we determined whether IFN-␥ was induced in TLR2-deficient mice (7, 8, 10) . Circulating IFN-␥ levels were measured in the sera of TLR2 Ϫ/Ϫ and TLR2 ϩ/ϩ mice 5, 8, 24, 48 , and 72 h after Listeria infection. We detected IFN-␥ expression 24 h after Listeria infection for both strains, while at earlier and later time points no IFN-␥ was detected in the sera (data not shown). Figure 8 shows that IFN-␥ levels at 24 h were significantly lower in the absence of TLR2 (P Ͻ 0.05). Therefore, the data suggest that TLR2 receptor expression is necessary for the optimal induction of IFN-␥ upon Listeria infection.
DISCUSSION
Here we report that TLR2 plays a role in the protective immune response to the intracellular gram-positive pathogen L. monocytogenes. Indeed, our data show a reduced activation of macrophages and DCs, with an increased bacterial burden in the liver and an augmented mortality, for TLR2 Ϫ/Ϫ mice infected by Listeria. Furthermore, by comparing TLR2 Ϫ/Ϫ and MyD88 Ϫ/Ϫ mice, we confirmed that MyD88 is essential for the control of Listeria infection, suggesting that other TLRs and/or IL-1 and IL-18 signaling play additional roles in infection control (11, 26) . TLR2 was previously shown to serve as a receptor for grampositive bacteria and to play a critical role in resistance to infection (2, 3, 17, 18, 28, 31) . We showed that TLR2 Ϫ/Ϫ mice succumb to Listeria infection with reduced bacterial clearance, although MyD88
Ϫ/Ϫ mice are even more susceptible. Our finding contrasts with a recent report showing no difference in CFU in livers of TLR2 Ϫ/Ϫ and control mice 3 days after intraperitoneal infection with 5 ϫ 10 5 Listeria, i.e., half the 50% lethal dose (LD 50 ) (11) . We found an increased susceptibility of the TLR2-deficient mice for two different i.v. doses, corresponding roughly to the LD 30 and LD 100 . The discrepancy may be related to the difference in the route of Listeria injection (i.v. rather than intraperitoneal), which may favor more rapid bacterial colonization of the liver. It could also be due to the fact that we used L. monocytogenes strain L028, whereas the previous work was based on the EGD strain (11) . Furthermore, we demonstrated the TLR2 dependence of the inflammatory response to Listeria infection with distinct increased microabscesses containing neutrophils and macrophages together with augmented bacterial loads in the livers of TLR2 Ϫ/Ϫ mice. These effects were even more pronounced in MyD88 Ϫ/Ϫ mice. Neutrophils play a key role in the early stage of Listeria infection (10, 23) , and increased neutrophil recruitment and microabscess formation in TLR2 Ϫ/Ϫ mice may represent a compensatory mechanism due to insufficient macrophage activation.
We showed here the reduced TNF and IL-12 p40 production by TLR2 Ϫ/Ϫ macrophages and DCs stimulated in vitro by live Listeria or HKLM. It was previously shown that TLR2-deficient Kupffer cells secrete less TNF in response to Listeria than those from control mice (11, 26) . In addition, upon Listeria infection, TLR2-deficient macrophages and DCs produced reduced amounts of the mediator NO and expressed lower levels of costimulatory molecules such as CD40 and CD86. These effects were even more pronounced for cells from MyD88
NO synthesis is known to be critical for the control of infection, as the production of this mediator endows macrophages with cytostatic and cytotoxic activities against bacteria (29) . The lower CD40 and CD86 expression levels by macrophages and DCs observed after Listeria stimulation in the absence of TLR2 should not affect the establishment of an efficient adaptive immune response against Listeria. Indeed, MyD88-deficient mice were shown to generate effective protective immunity to Listeria (32) , and no alternative signaling pathway to MyD88 has been described for TLR2. Reduced antigen-presenting cell (APC) activation and pro-inflammatory cytokine secretion in the absence of TLR2 signaling further contribute to the lower IFN-␥ production observed with the sera of TLR2 Ϫ/Ϫ mice. Indeed, APC-derived IL-12 triggers NK cells to produce IFN-␥, which itself as a feedback loop activates macrophages and recruits neutrophils, which are both important for the clearance of Listeria (29) . Therefore, a low IFN-␥ level in turn prevents effective macrophage activation, thereby reducing the killing of Listeria by macrophages (8) and the generation of protective immunity (34) .
Cooperation between TLR2 and TLR6 or TLR1 for different TLR2 agonists has been shown (6, 22) . Further studies will be necessary to clarify whether TLR2 heterodimerization with either TLR1 or TLR6 is required for Listeria-induced activation of APCs and for the control of Listeria infection in vivo. Furthermore, other TLRs may be implicated in the in vivo response to Listeria infection. Indeed, Hayashi et al. demonstrated that Listeria is recognized by TLR5 through its flagellin (15) . Further, TLR9, which is implicated in inflammatory responses induced by bacterial, nonmethylated DNA (16), could be another candidate. Interestingly, the implication of IL-1 in the control of Listeria infection has been controversial. No role was shown when IL-1 receptor 1-deficient mice were used (13), whereas IL-1 was shown to participate in the development of anti-Listeria responses (24, 25) . A critical role for IL-18 in the control of Listeria infection has also been documented (21) , although only a limited higher susceptibility of IL-18-deficient mice was reported (26) . Edelson and Unanue (11) documented that mice that are deficient in caspase-1 have minimally increased spleen Listeria titers, but an ϳ2-log increase in liver titers, supporting a role for IL-1 and IL-18 in the innate response to Listeria. Since the signaling of IL-1 and IL-18 is MyD88 dependent (1), the difference between MyD88-and TLR2-deficient mice in host resistance could indeed be due to defective signaling of IL-1 or IL-18. However, in view of the controversial results obtained by different groups, experiments are required to directly compare infections in caspase-1-, IL-1 receptor 1-, and IL-18-deficient mice.
In summary, we show here that the innate immune receptor TLR2 contributes to the effective control of an early Listeria infection in vivo, although compensatory mechanisms may be activated for the subsequent control of infection and bacterial clearance. 
